The nasuta subgroup is a cluster of morphologically almost similar forms with a wide range of geographic distribution. During the last three decades nature of inter-relationship among the members has been investigated at different levels of organization. The phylogenetic relationships of the members of the nasuta subgroup of the immigrans species group of Drosophila was made by employing Random Amplified Polymorphic DNA (RAPD), Inter Simple Sequence Repeats-PCR (ISSR-PCR) polymorphisms, mitochondrial 12S rRNA, 16S rRNA and Cytochrome C Oxidase subunit I (CoI) gene sequences. The phylogenetic tree generated by RAPD analysis is in nearly complete congruence with the classification based on morphophenotypic characters. The 12S and 16S rRNA genes were highly conserved across the nasuta subgroup and revealed only 3 and 4 variable sites respectively, of which only one site was informative. The CoI gene, on the other hand, revealed 57 variable sites of which 25 sites were informative. All the three species of orbital sheen complex were included in a major cluster in the phylogenetic trees derived from mitochondrial gene sequence data consistent with the morphophenotypic classification. The CoI analysis placed two species of frontal sheen complex, D. n. nasuta and D. n. albomicans in two different clades and this is inconsistent with morphological classification. The molecular clock suggested that divergence between the kohkoa complex and the albomicans complex occurred 2.2 MYA, indicating recent evolution of the nasuta subgroup. The higher transition bias in the mitochondrial genes reported in the present study also suggested recent evolution of the nasuta subgroup.
INTRODUCTION
The nasuta subgroup of the immigrans species group of Drosophila is an assemblage of morphologically almost identical taxa with wide geographic distribution in IndoPacific regions extending from Hawaii to eastern tropical Africa and from tropical Australia to South Japan (Wilson et al., 1969; Kitagawa, et al., 1982) . Based on the patterns of the frons in males, the members of the nasuta subgroup have been placed under three categories. The males of the frontal sheen complex species D. n. nasuta , D. n. albomicans , D. n. kepulauana and D. kohkoa have a continuous silvery patch on the frons, the males of the orbital sheen complex species D. s. sulfurigaster , D. s. albostrigata , D. s. neonasuta, D. s. bilimbata, and D. pulaua have prominent whitish orbits along the edges of the compound eyes and the third category consists of D. pallidifrons, Taxon F, Taxon I and Taxon J in which the males are devoid of any marking on the frons (Wilson et al., 1969; Nirmala and Krishnamurthy 1972) . The nasuta subgroup is one of the extensively investigated assemblages for its evolutionary biology (Ranganath, 2002) . From the beginning of the pioneering work of Wilson et al., (1969) , phylogeny of the nasuta subgroup has been extensively studied at various levels of organiEdited by Masatoshi Yamamoto * Corresponding author. E-mail: drosrang@sancharnet.in zations namely, morphophenotypes (Nirmala and Krishnamurthy, 1972) , hybridization and hybrid sterility (Ramachandra and Ranganath, 1988) , karyotypes (Ranganath and Hägele, 1981; Wakahama et al., 1983; Ranganath and Ushakumari, 1987; Rao and Ranganath, 1991) , hybrid salivary chromosomes (Lambert, 1978; Rajasekarasetty et al., 1980) , heterochromatin and satellite DNA (Ranganath et al., 1982; Ranganath and Ushakumari, 1987) , isozymes and allozymes (Kanapi and Wheeler, 1970; Ramesh and Rajasekarasetty, 1980) , glue proteins (Ramesh and Kalisch, 1989) , courtship patterns (Tanuja et al., 2001) , courtship song (Shao et al., 1997) , mitochondrial DNA (Chang et al., 1989; Yu et al., 1999) , and male accessory gland proteins (Ram and Ramesh, 2001) .
In spite of such in depth analysis of evolutionary phylogenetics of the nasuta subgroup, a consensus pattern among its members is yet to emerge. Molecular markers such as Random Amplified Polymorphic DNA (RAPD) and Inter Simple Sequence Repeat (ISSR-PCR) polymorphism studies developed in past decade have provided new insights to resolve such intricacies among closely related taxa (Zietkiewicz et al., 1994; Ballard, 2000) . Further the sequence data analysis is considered to be the most efficient mode to look on to these aspects of evolutionary entities. Thus in the present investigation RAPD, ISSR-PCR polymorphisms, mitochondrial rRNA and CoI gene sequences, have been taken up with the aim to shed light on both the molecular divergence and the evolutionary interrelationships among the members of nasuta subgroup of immigrans species group of Drosophila . Perusal of the literature has revealed that these molecular markers were sensitive enough to resolve the systematic, evolutionary and phylogenetic intricacies in different groups of plant and animal systems (Nagaraju et al., 2001; Zietkiewicz et al., 1994; Ballard, 2000) . In the current study, the phylogenetic tree generated by RAPD markers is in nearly complete congruence with the classification based on morphophenotypic characters. The ISSR-PCR markers and mitochondrial gene sequences, on the other hand, revealed phylogenetic relationships that do not correspond with morphological classification.
MATERIALS AND METHODS
Drosophila species Seven taxa belonging to two complexes within the nasuta subgroup were studied. DNA preparation Genomic DNA was prepared from about 50-100 flies following the standard method of Sambrook et al., (1989) . Williams et al., (1990) . Southern hybridization was carried out to confirm the homology of co-migrating fragments of different species by following the standard procedure of Sambrook et al., (1989) .
RAPD-PCR

ISSR-PCR
Totally 10 primers (4 designed in-house: T 3 (ATT) 4 , CGA(ATT) 4 , (YR) 8 RYRY and T(GT) 9 and 6 obtained from University of British Columbia: UBC-807, UBC-810, UBC-811, UBC-812, UBC-842 and UBC-881 were used in the present investigation. PCR amplification was performed according to Zietkiewicz et al., (1994) . 
Sequencing and analysis of the DNA sequences
The PCR amplified products were sequenced using ABI Prism 377 automated sequencer (PE Biosystems). The sequences obtained from all the species were analyzed using GCG software (University of Wisconsine, Genetics Computer Group, Version 5.0) and CLUSTALV.
Phylogenetic analyses
The gel images of RAPD and ISSR-PCR were analyzed for the presence or absence of a given amplification product of each species. Polymorphism between species was calculated (an index of genetic distance 1-F values) using the formula of Nei and Li, (1979) . Phylogenetic trees were constructed using UPGMA (WINBOOT) computational programs. Phyloge-netic analysis of the mitochondrial sequences was carried out by Neighbour Joining (NJ) method and Maximum Parsimony (MP) method with Kimura 2 parameter model as implemented in MEGA version 2.1 (Kumar et al., 2001) . Bootstrap analysis (1000 bootstrap replications) was employed to test the reliability of the topologies of phylogentic trees in the present study. The AT percent and nucleotide substitution was calculated using DNASP 4.00 (Rozas et al., 2003) .
The average substitution rate of CoI gene is calculated based on the divergence of CoI gene sequences between D. melanogaster and D. yakuba (8.7%), which took 6.1 million years (Russo et al., 1995) . The divergence time was estimated using MEGA 2.1.
RESULTS
RAPD analysis
The number and size of the amplified products varied depending upon the sequences of random primers and DNA samples used. The size of the amplified products ranged 300 -2000 bp. A considerable amount of polymorphism was detected for all the 14 primers. A total of 124 fragments was scored and of these, about 88% (109 bands) were polymorphic and shared by at least two species, while 11 fragments were monomorphic (shared by all the species including members of both frontal and orbital sheen complexes). There are also fragments, which are species specific that are not shared by members of the nasuta subgroup. The occurrence of common and unique bands between species is valuable and can be used to gain phylogenetic information. However, it is important to demonstrate the homology of co-migrating bands before venturing into such comparisons, particularly when RAPD analysis is used to resolve species level phylogeny. Southern hybridization of RAPD gels was carried out using a purified single band reamplified in the presence of radiolabeled α 32 P nucleotide to demonstrate the homology between co-migrating bands. Autoradiographs of the two southern blots of RAPD profiles generated by OPA-08 and OPF-06 revealed that all fragments of the same size (the co-migrating bands) hybridized to the probe without cross hybridizing to any other bands (data not shown). The dissimilarity index (1-F) was calculated based on Nei and Li (1979) . Among the frontal sheen complex, the least genetic dis- Mitochondrial DNA sequence analysis In the present study, we sequenced a part of mitochondrial 12S rRNA, 16S rRNA and CoI genes. The average sizes of the fragments analyzed were 433 bp, 418 bp and 539 bp for 12S rRNA, 16S rRNA and CoI genes, respectively. The overall frequencies of A, T, G, C for 12S rRNA were 39.1, 36.2, 14.4 and 10.3%, for 16S rRNA gene it was 38.5, 39.5, 12.4 and 9.6%, and for CoI gene 37.9, 27.5, 17.8 and 16.8%, respectively. The A+T content for the fragments of 12S rRNA, 16S rRNA and CoI genes were 75.2%, 77.9% and 65.3% respectively within the nasuta subgroup (Table 1) . We also determined the transition bias ratio for these three gene sequences. Substitutions in 12S rRNA are exclusively transitions, while the rates of transitions are higher for 16S rRNA and CoI sequences (Fig.  6) .
The number of informative sites of the three genes varied greatly. The highest number of polymorphic sites was found in CoI (57), followed by 16S rRNA (4) and 12S rRNA (3) ( Table 1) . Whereas, when the outgroup (D. yakuba) was included in the analysis, the three genes showed 111, 27 and 17 polymorphic sites, respectively. Kimura 2-parameter model of MEGA 2.1 revealed a range of genetic distance from 0 to 0.005 in case of 12S rRNA gene, 0 to 0.007 for 16S rRNA gene and 0 to 0.094 with CoI gene among the members of nasuta subgroup when the outgroup was not included. The sequences of these mitochondrial gene fragments were submitted to the GenBank (accession numbers: 12S rRNA AF332701-07, 16S AF387332-38 and CoI AY633549-55).
Phylogenetic trees were constructed for the mitochondrial sequences and the topologies of the trees were tested for confidence levels by bootstrap analysis. Always a 50% bootstrap consensus tree topology was considered. The NJ and MP trees showed similar topologies (data not shown). The NJ tree of 12S rRNA (Fig. 3) showed two major clades, one with D. n. kepulauana and all the remaining subspecies came out as a separate clade in (Fig. 4) We determined the time of divergence of 'albomicans' and 'kohkoa' complexes based on the divergence of CoI gene sequences between D. melanogaster and D. yakuba. Considering the substitution rate of CoI gene in Drosophila as 1.4% per million years (Russo et al., 1995) , the 'albomicans' and 'kohkoa' complexes diverged approximately 2.2 MYA. In the present study the two complexes differed in morphophenotypic complexes i.e. frontal sheen and orbital sheen complexes. Of the five phylogenetic trees generated in the present study using five different marker systems, the one generated out of RAPD markers is in nearly complete congruence with the classification based on morphophenotypic characters. It showed two distinct clusters, one including three subspecies of frontal sheen complex (D. kohkoa, D. n. albomicans D. n. kepulauana) and the other with all the subspecies of orbital sheen complex (D. s. albostrigata, D. s. neonasuta and D. s. sulfurigaster) and D. n. nasuta of the frontal sheen complex. Though D. n. nasuta belongs to frontal sheen complex, it has been clustered with orbital sheen complex, which is inconsistent with the morphological classification (Fig. 1) . The three subspecies of orbital sheen complex are considered closely related since they are hybridizable among themselves to a certain degree. The clustering together of the subspecies of orbital sheen complex based on RAPD data is consistent with the earlier reports based on interspecific hybridization (Ramachandra and Ranganath, 1988) , isozymes (Kanapi and Wheeler, 1970; Ramesh and Rajasekarsetty, 1980) , courtship song (Shao et al., 1997) and male accessory gland proteins (Ram and Ramesh, 2001) . All the three subspecies of orbital sheen complex were included in a major cluster in the phylogenetic trees derived from 12S rRNA, 16S rRNA and CoI sequence data consistent with the morphophenotypic classification. Out of these, the bootstrap values were quite high for the tree generated based on CoI gene and hence the results could be considered reliable.
Of the four taxa of the frontal sheen complex analyzed in the present study, D. n. nasuta and D. n. albomicans are morphologically identical and cross-fertile. Hybrid populations of these can be maintained for any number of generations. Earlier studies have shown that D. n. albomicans with 2n=6 is derived from D. n. nasuta with 2n=8, through a centric fusion between autosomes and sex chromosomes and hence are treated as chromosomal races. A number of studies based on different marker systems (Chang et al., 1989; Shao et al., 1997; Yu et al., 1999; Ram and Ramesh, 2001) Yu et al.',s (1999) observation based on ND4 gene, in our study the D. s. sulfurigaster was included in albomicans complex and D. n. nasuta was in kohkoa complex suggesting different mutation rates in various mitochondrial genes in the nasuta subgroup. In contrast to the previous observations CoI analysis placed D. n. nasuta and D. n. albomicans in two different clades.
The high A+T content of all the three mitochondrial genes in the species studied agrees with the earlier reports on other insects including Drosophila (Clary and Wolstenholme, 1985; Yu et al., 1999; Crozier and Crozier, 1993; Mitchell et al., 1993) . However, our results show that the A+T bias is relatively low in CoI gene as compared to 12S rRNA, 16S rRNA reported in the present study and ND4 and ND4L mitochondrial genes (Yu et al., 1999) . The transition bias observed in 12S rRNA, 16S rRNA and CoI sequences is consistent with the mitochondrial DNA of other Drosophila species (Tamura, 1992; Moriyama and Powell, 1997) . The transition bias is accompanied by A+T richness in mitochondrial DNA of Drosophila, which causes an apparently lower transition/ transversion ratio in less closely related species as contended by Tamura, (1992) and Yu et al., (1999 ). De Salle et al., (1987 observed a much higher rate of transitions especially in closely related Hawaiian Drosophila. In the present study, the exclusive transitions in the 12S rRNA sequence and higher transitions in the 16S rRNA and CoI sequences (Fig. 6) are suggestive of the lower nucleotide divergence and closer affinity of the species of the nasuta subgroup. This is also consistent with the estimated genetic distances and low rate of nucleotide substitutions in the three sequences. DeSalle et al., (1987) have proposed that the number of sites that accept substitutions is very small because of a functional constraint (that is peculiar to a particular taxonomic group), which impedes the mitochondrial DNA sequence divergence. Therefore, transition bias in the mitochondrial genes reported in the present study suggests recent divergence of the members of the nasuta subgroup.
At an average substitution rate of 1.4% per million year, 8.7% substitution in the CoI gene between D. melanogaster and D. yakuba, accounts for divergence time of 6.1 million years (Russo et al., 1995) . Using this information, we calibrated the molecular clock of the nasuta subgroup and estimated that the kohkoa complex and albomicans complex have diverged ~2.2 MYA. Our results suggest that the divergence within the nasuta subgroup occurred much later than that within melanogaster subgroup (Russo et al., 1995) .
Morphological, cytological, hybridization and molecular data are not in complete agreement in uncovering the phylogenetic affinities of the nasuta subgroup. Even the informative CoI gene sequence data does not correspond with the morphological classification of the members of this group indicating that morphology could be a result of congruent evolution rather than indicative of homologous traits across the species group. Mitochondrial introgression through natural hybridization process could be an alternate possibility but we have not come across natural hybrids in the nasuta subgroup.
